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FOREWORD

This report documents a study directed toward modeling humen
operator response to sudden changes in the effective vehicle
dynamics. The research was accomplished under Contract NAS2-1868-k4
between Systems Technology, Inc., Hawthorne, California, and the
Ames Research Center of the National Aeronautics and Space Admin-
istration. The NASA project monitors were M. K. Sadoff and
W. E. Iarsen. The STI technical director was D, T, McRuer, and
the project engineer was D. H. Welr.

The bulk of the experimental date presented in this report was
obtained by J. I. Elkind and his associates at Bolt, Beranek, and
Newman, Inc., Cambridge, Massachusetts, and it is with their very
kind permission that it has been used as the basis for the modeling
activities reported herein.

The authors gratefully acknowledge the fine work of the STI
Publications Department in the preparation of this report.
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ABSTRACT

A model is derived for describing and predicting human operator
dynamic response during sudden changes in the vehicle or controlled
element dynamics. Data upon which the model is based are presented
also. The model features distinct modes of behavior which are selected
successively during the transition between the initial and final sta-
tionary tracking situations. The first transition mode is a retention
phase which is modeled by the pretransition operator describing function
in closed-loop control of the new controlled element dynamics. The next
phase is characterized by nonlinear time optimal control. Finally, the
operator switches to the quasi-linear describing function appropriate to
closed-loop control of the new dynamics under stationary conditions.
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I. INTRODUCTION

Background

The study of human operator response in the presence of rapidly
changing controlled element dynamics has important implications for the
menual control of aerospace vehicles. Results can be applied to vehicu-
lar control following the failure of part of the flight control system,

a stability augmenter, or & change in the configurstion such as that
caused by a large shift in the center of gravity. These changes in
controlled element dynamics need not be confined to emergencies, but may
be a matter of routine. The manual control of boost, for example, can
involve nearly steplike changes in the controlled element when staging
coincides with a change in the control effectiveness due to the employment

of a new set of thrusters.

There are two general types of controlled element transition. One is
relatively slow, with the dynamics changing gradually over a period of a
few seconds or longer. The second involves a sudden or steplike change,

and this is the type of primery interest.

Sheridan (refs. 1 and 2) studied gradual changes in the controlled
element from pure gain, K, to pure integrationm, K/s, and vice verss in
both compensatory and pursuit tracking. The changes in controlled element
were completed in sbout 6 sec, and operator adaptation as measured by the

mean square error was completed in about 15 sec.

A pioneering study by Sadoff (ref. 3) compared the response of skilled
pllots to steplike changes in the controlled element in both fixed-base
and moving-cab simulators. A longitudinal pitch attitude tracking task
was used, and the transition simulsted failures of systems which augmented
either static stability or pitch damping. The cab motion had & significant
adverse effect in most cases on the pilot's ability to adapt to the damper
failures, as evidenced by larger mean square errors during transition and
longer transition times. In another experiment, the adverse effect of
motion cues was reduced significantly by utilizing a side-stick manipulgstor

with arm restraint. These results (ref.'5) represent the only extant data

1




for the highly realistic conditions of moving-cab simulator, aircraft-type
control stick, and skilled test pilot subjects.

Extensive experimentsl research on operator response to step controlled
element transitions has been accomplished by Elkind and associates
(refs. 4—8). These studies have all involved single-axis compensatory
tracking tasks in the presence of low frequency random-appearing forcing
functions. A side-stick type of manipulator was used, and the facility
was fixed-base. They have derived some analytical models of operator
transition response, and to date these largely emphasize the detection of
transition occurrence and identification of the new controlled element

dynamics (e.g., refs. 9 and 10).

The study reported herein is intended to complement the previous work.
It is a model bullding effort, with the objective of deriving an analyti-
cal model useful in predicting operator transition response. Extensive
use is made of experimental date from other sources. Areas that have been
treated in depth elsewhere, such as detection criteria, and the effects of
learning, alerting, and uncertainty about the new dynamics are given only
slight consideration.

Transition Task

The operstor 1s assumed to be performing a single-axis compensatory
tracking task in the presence of a low frequency random-appearing forcing
function. Controlled element dynamics such as the forms K, K/s, or K/52
are used, and at the time of transition a step change is made from one
form to another. The change can involve a difference in any or all of
order, gain magnitude, or polarity. The operator is not alerted to the
time of transition nor to what the new controlled element will be.

Transitions which yield an unstable closed-loop system when pretransition
operator adaptation is retained are of particular interest, because they
require immediste corrective action to retain control. This will occur
for any of the following controlled element changes:

1. Sufficiently large gain Iincresase
2. Polarity reversal




3. Increase in effective controlled element order
(for sufficiently large gain)

These are all considered in this study.
Report Organization

The second section of the report presents operator transition response
data, together with a more detailed description of the experimental
procedure. The data are given as time histories of forcing function,
error, and operator output because the inherent nonstationarity of the

process makes conventional statistical techniques inappropriate.

The third section examines and interprets the data, with the objective
of modeling the operator's transition response. A "mode-switching'" model
is ultimately derived by induction. This model features successive phases

of operator behavior, including:

1. Pretransition steady state

2. Retentlon of pretransition operator adaptation
5. Optimal control

L, Adjustment of posttransition steady state

The operator's entire transition response is defined for modeling purposes
in terms of either duration, solution to an optimel control problem, or
the quasi-linear describing function for compensatory tracking under
stationary conditions. This section concludes by summarizing the
limitations of the existing model.

The final section of the report presents conclusions about the derived
model and transition response in géneral. Recommendations for additionsl

experimental work to alleviate current deficiencies are given also.



II. TRANSITION DATA

The operator is assumed to be performing a single-axis compensatory
tracking task in the presence of a low frequency random-appearing forcing
function. At transition the controlled element changes instantaneously
from one form to another. The problem is to determine the operator
response from the time of transition until the system error returns to
and remains within an acceptable threshold level following operator
adaptation to the new dynamics.

Transition data resulting from & fairly complete series of experiments
have been published in references 4, 5, and 8. With the kind permission
of the staff of Bolt, Beranek, and Newman, Inc., these data have been used
as the basis for the modeling efforts reported herein. The remminder of
this section presents and describes transition response data obtained and
previously published by BBEN.

Experimental Conditions

The experimental configuration used is shown in figure 1. The switch
is shown in the pretransition configuration with the operator, Yp, con-
trolling Ycq in response to the displayed system error, e. The task was

gl' Channel
dt Coincidence _|
e c |
——?—‘— Yp p——ti YC|
_—I.. m
Operator Pretransition
m
—= Yc2 24 -o
Posttransition

Figure 1. Experimental configuration (ref. 7)




to minimize the error. At the time of transition the switch instantaneously
disconnected Yc1 and placed YC2 in the closed loop. The channel coincidence
device prevented this from occurring until the outputs my and mpo were
approximately equal, and the magnitude of the input rate, |di/dt|, was
sufficiently large. This prevented any discontinuities from occurring in
the displayed error which might have alerted the operator, and the finite
rate limitation insured that the system was not quiescent.

The forcing function, i, was a low frequency random-appesring signal
having a rectangular spectrum with a 1.5 rad/sec cutoff frequency, as
shown in figure 2. It was obtained
by summing a number of equal ampli-

tude sinusoids with noncommensurate

frequencies, and hence was Gaussian b

to a good approximation. Because

of its low bandwidth, the forcing
I

function looked approximmtely like S wlrad/sec)

& ramp for a second or so after Figure 2. Forcing function spectrum

the transition, and like one-

half of one period of a sinuscid over a % sec interval. These useful

properties simplify the subsequent analysis of the transition response data.

The manipulator was a light control stick which protruded through s
circular hole in the right arm rest of a student's chair on which the
subject was seated. It had a light spring restraint, it could be moved
left or right through spproximately 45 deg, and it required about one

pound for maximum deflection.

The operator was generally not alerted to the occurrence of the
transition by any stimulus other than system error. A number of different
transitions were presented in a random sequence, so the operstor was
uncertain about the nature of the next controlled element, and about the
difference in order, gain, and polarity between successive controlled

elements.




Date for Simplified Controlled Elements

In the first series of experiments considered, the pretransition and
posttransition controlled elements took any of the forms K, K/s, or K/se.
The transition occurred at time t, and involved a change in any or all of
order, polarity, and magnitude. Although simplified controlled elements
were used, these can be good approximations, in the region of crossover,

to any of a much larger class of controlled element dynamics.

The most useful data forms for analysis are time histories of stick
motion, system output, and system error, because of the nonstationarity
of the process. Data for the five transitions of Table I are presented
ir figures 3 through T teken from reference 5. The records are individual
runs, not ensemble averages. The run-to-run variability can be estimated
by comparing figures 5 and 7. Figures 4 and 6 present date for a rela-
tively unskilled operator, and the poorer control technique is evident in
the error traces. These data are exploratory, of course, and provide only

a preliminary estimate of operator response technique.

Some general features of the data traces are worth discussion. The
top plot in each of the five figures actually presents two traces, system

foreing function and system response or output. In all cases the smoother

TABIE I
SIMPLIFIED CONTROLIED EIEMENT TRANSITION DATA
(From ref. 5)

Figure Transition Operator skill level
3 +8 - +2 Well trained
L +8 — +4/s Probably not well trained
5 4/s? = +8/e2 Well trained
6 +2 —= —8/s2 Relatively untrained
7 +8/s2 —»= —16/s° Probably well trained




Sysfem TTATTITT I I I T T T T I T T Iv I o]
Forcing C -
Function L: \\J/\ /—\\//\5
r IIIlIlIIIIIIlllllllllllLllllllllllln:
zcm_llllrIllllIHIIIIIIIIIII’IIHIIIIIII T]
Stick S N N ]
= A\ S
e Bl L
{ o
Error :‘JI\W e
:.uimmmmmmumnnnm.:
to I sec
Figure 3. Transition from +8 to +2 (ref. 5)
Sysfem LANEREN LA RARRERERARERERRRRR A"
Forcing o Response /\E
Function Y Vv‘\\‘/f\\_/ -
and iF 3
Response r- SENTEREENI NIRRT NI NN NI N E e
2cm R RERAT I LAARNNRRRRERNRERERRRRRRRRRR®
Stick ~ .
o 3]
lem G sttt g
SN RN SRR AR ERRRR RS R RERARRRRRAR"
- m
LlllllllllllllIllllll'llllllllllllll
tO | sec
Figure 4. Transition from +8 to +4/s (ref. 5)
System T Hllﬂll|||lll|||rﬂ|||||llln_
Forcing o Zk—/:sponse 2
Function X7 ——/\\J v/f
ond i -
Response "—"—lllllllllllllIIIIIIllIllllIlIIlllIll"
H 'll"lnﬂl‘ [} |ll“‘h.d
Stick é‘vvl' AT WU WV UNET
h_
lem
L.llIlﬂlllll|||lll|ll||llllllllll ]
Error - S s

Figure 5. Transition from —4/s° to +8/s2 (ref. 5)

]

lllllll|ll'lllIlllJJJllllllllllIIllLll
|

oty otz | sec




System Response

Forcing
Function F 777777 "!l'!l‘l‘r[fllllrﬂ'_rlllT’lllj
and [ .
Response ]
- AN . . 1
- Forcing Function .
F Oty i11y

2cm

[_TYlllnlnllYllT"l_[llTYllII‘lllTllll
Stick M A 4 o\ A

vy v

llll

IlllIlllllllllIlllJ_LlllllIlllilllLJI
lem
1 _l‘:jylllllll)lllllllllll)lll)llr_
I A N\ I\ S
Error - Vv\fv N
lllvlllllllllllllllllLlLl_Llllllllllll—
to | sec

Figure 6. Transition from +2 to -8/s% (ref. 5)

System

Forcing
Func'|on LY TrrerTT WrrT I T T I r e rrrrrrrrrT
ond = Response B
Responsei\/ ]
r r V Forcmg Function ]
I b_IJllllllllllllllllllllllllLl_!_LlllLLl--

2cm
ISR ERRN llIlIlllIllllIl]lllllllllT

Stick —ALH.M AAAM. An NN RN . i
S A

O vv e ddie vy gt
fcm
T T T T T T TR TT I T T T T T T I T I T I T T T T T T T T 7T
- .
Error [ v N N
"n111111114|lu_uxl111111111114111111"
to I sec

Figure 7. Transition from +8/s2 to -16/82 (ref. 5)

(lower frequency content) trace is the forcing function. The stick
deflection traces for the higher order controlled elements (all but fig. 3)
exhibit large amplitude motions with "limiting." The fact that the large
peaks are perfectly "squared off" indicates that the limiting did not
happen within the operstor, but occurred downstream, probably in the
manipulator. Manipulator limiting is reasonable, because the side-arm
stick had a travel of only *45 deg and required only one pound for full
deflection. Thus, it would be very easy for the operator to attain a
limiting deflection. Note that the displayed error did not limit.




Data for Unstable Controlled Elements

Another set of experimental results reported in reference 8 shows
operator response to a step change in controlled element at time ty of

the form

Keq Kep
s " s(s - a)

The posttransition controlled element is unstable and involves an inte-

gration plus a divergent inverse time constant, —a. Its gain may be of

elther sign. The data were taken under the same experimental conditions
as those for the datas of figures 3 through 7. The system forcing func-

tion was the low frequency random-appearing signal with a 1.5 rad/sec

cutoff frequency of figure 2.

Data for eight transition runs with variocus values of the inverse
time constant, —a, were considered. These represent about one half of
the total attempted transitions of this type. In the balance of the rums,
the operator could not retain control and the experiment was aborted.
Five of the eight successful runs have been selected to illustrate the
results. These show representative behavior and cover a range of values
for the inverse time constant. The five runs are presented in figures 8
through 12 in the order of increasing difficulty. The transition time,
to, 1s shown approximgtely in the figures. The times t1, to, and t5 shown
in the figures relate to the modeling analysis of Section III.

In about one half of the runs with this transition the operator lost

control, probably due to some combination of the following factors:

& Display limiting
¢ o too large

e Forcing function

Display limiting makes it impossible to know the state of e and é. This,
in turn, can delay the operator's switching time and result in a large
overshoot and further limiting. When the inverse time constant is too
large, e and € build up rapidly and the display limits before the operator
can effect control. The forcing function modifies e and é and may cause

incorrect operator response.
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Transition Duration

The error traces of the transition data (particularly those of figs. 3
through 7) indicate that operator adaptation* occurs within about 3 sec in
all cases. These fairly rapid transition times are representative of the
average behavior observed in extensive experimental studies (refs. L4, 5,
and 7) by Elkind, et al, of detection and adaptation times involving a
variety of controlled elements and conditions. They are also compatible
with Sadoff's results for his fixed-cab series (ref. 3).

It is obvious that the operator must adapt quickly to the new dynamics
(or lose control) in the cases where the transition destabilizes the system
(i.e., increase in order, large gain increase, etc.). In stable transi-
tlons where the system is not destabilized, there is no theoretical
necessity for a rapid adaptation, however. That stable transition adapta-
tions are rapid as well is an experimental fact demonstrated in reference 4
for pure gain transitions and in reference 11 for transitions with K/s
controlled elements. These references show that adaptation is accomplished
in 2 to 3 sec, even when the operator is not consciously aware that a

transition has occurred.

While there appears to be a large amount of data showing rapid
adaptation times, these results are by no means universal. Rapid adapta-
tion times were generally not observed by Sadoff (ref. 3) in his moving-
cab cases with the center-stick menipulator. In the data shown for the
side stick under moving-cab conditions, however, the mean square error
increases only a small amount following transition and remains constant
for about 20 to 30 sec. This suggests that the adaptation may have been
rapid, and the significant features of the data correspond to a post-
transition adjustment phase. These longer apparent transition times might
be attributable to differences between the center-stick and side-stick

*Adaptation time 1s roughly the time at which the transition response
is completed, the operator has assumed the approximate form of the post-
transition steady-state describing function, and has started reducing
residual error to the asymptotic walue.

12




manipulators. This does not appear too likely, however, since reference 12
shows that the operator adjusts his neuromuscular system characteristics to
account for manipulator differences and exhibits roughly the same describ-

ing function over a broad range of devices.

Sadoff's fixed-cab conditions are generally compatible with the data
shown in figures 3 through 7. OSpecifically, in three out of the five cases
for fixed-cab center-stick control shown in reference 3, adaptation was
accomplished in 3 to 6 sec. Thus, reasonably good correlation between

data for similar experimental conditions appears to obtain.

The transition times observed by Sheridan (ref. 1) were not rapid
either; however the controlled element wvariations occurred slowly with
respect to typical adaptation times for step transitions. It may be con-
cluded that he observed a postiransition adjustment phase characteristic

rather than the step transition phenomens studied herein.

13



III. OPERATOR RESPONSE MODEL

The objective of this study is to obtain a model of the operator's
dynemic response from the time of transition until the system error
returns to within an acceptable threshold following operator adaptation
to the new dynamics. Several types of transition models were considered
at the outset of the study. These ranged from those which vary continu-
ously with time in the menner of a learning servo, to ones which consist
of a switched sequence of distinct modes having fixed charascteristics.
Of these, the mode-switching models are the only ones supported by the
data. For example, a succession of distinct modes is strongly suggested
by the sequence of distinct levels in the error response data of refer-
ence 3. As a result of these considerations, mode-switching models are

the only ones considered in this report.

This section of the report examines the data of Section II, ultimately
deriving s mode-switching model by induction. Observations of the data
and analytical interpretations are commingled to some extent in order to
best accomplish the model derivation.

Temporal Phases of a Transition Model

The available data suggest that there may be severasl temporal phases
in the operator's response to a controlled element transition. Under
this hypothesis, the several phases of a mode-switching model are defined
and examined below with frequent reference to the data of Section II.

Pretransition retention. Initially, the operator acts as if the
controlled element dynamics have not changed, and his adapted form, Yp1,
remeins that pertinent to Yeqe An incorrect stick deflection, c(t),
results; and the error increases according to YP1YC2 and the forcing
function. The duration of this retention phase is governed by the time

to exceed some error smplitude, and the operator's minimum latency in
limiting cases. At the end of the retention phase the operator has
detected that the controlled element has changed, but he does not know
its form or gain.

14




The retention phase was first shown by Sadoff for both moving-cab and
in-flight situations. Retention behavior following to and prior to the
first corrective response is clearly evident in the stick deflection
traces of figures 3 through 7. In figure 3 stick deflection rate is
approximtely constant after to and before the first little upward move-
ment on the trace. Similarly, in the Keo/s data (fig. 4) the retention
is apparent during the 0.5 sec following t, and before the sharp upward
movement on the stick deflection trace. The higher order transitions,
figures 5 through 7, all involve g sign reversal in the controlled element
which leads to a well defined stick reversal at the end of the retention

phase, and the retention duration is readily recognizable in the data.

Transitions to the unstable controlled elements (figs. 8-12) all show
well defined retention phases. The end of the retention phase is charac-
terized by a sudden, rapid corrective stick movement that occurs at time
t1 shown on the data. This movement is particulary aspparent in figures 10
and 12.

Optimel control. The operator's tasks following transition detection

are to arrest the rate of divergence and reduce the error to some toler-
able threshold level. The best way to accomplish this is to switch to an
optimal mode of control following transition detection. For minimum
transition time, a time-optimal or bang-bang model is hypothesized for

this phase. Note that if only one set of data is found which evidences
time-optimel response, that is sufficient to validate the model, at least

as a useful limiting case. A considerable part of the experimental evidence

in Section II supports a time-optimal response model as an appropriate

ideslization.

The available data for Ye, = K’cz/s2 presented in figures 5 and 7
suggest that a well trained operator responds in a way that is approxi-
mtely time-optimml. The figurc 5 date show a reversal at t, followed
by a relatively long duration deflection or bang between ti and tp. This
corresponds to the trajectory between points tq and tp for fixed bang
amplitude on the illustrative phase plane of figure 13. The forcing

function contributes a low frequency bias over the transition duration

15




o~ \Zero Trajectory

Figure 13. Phase plane trajectorg for
time-optimal control of Ke,/s

which can be neglected in the phase plane to s first aspproximation. At
time tp another reversal occurs, and the system follows the zero trajec-
tory into the phase plane origin, arriving at time t5, corresponding to
the bang between times tp, and t5 in figure 5. At time t5 the error and
error rate are within the threshold region, the operator's deflection
goes to zero, and he effectively "shuts off" this phase of the transition

response. Thus, the figure 5 data exhibit nearly time-optimal response
as evidenced by:

e The fixed bang amplitudes
¢ The minimum number of reversals

e Only one error peak with essentially no overshoot

The data in figures 6 and 7 show one extra reversal and an additional
bang of short duration. This may result from an error in operstor switch-
ing time, to, caused by the forcing function. It could correspond to
chatter in a suboptimel control mode near the error threshold region.

In figures 3 and 4 the polarity of the controlled element does not
change, and the time-optimal response following retention would be to
moke a steplike increase in the magnitude of the stick deflection, c(t),
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to the bang amplitude. The stick would not be reversed. This is

not evident in these data; instead, the operator reverses the stick
ihcorrectly in each case, followed shortly by a second corrective reversal.
The cause of these "reversal errors" appears to be that these nonpolarity
reversal Y. transitions were mixed in an experimental sequence with the
others (figs. 5—7). Perhaps the operator adopts this reversal strategy
ad hoc because the penalty in terms of loss of control for failing to
reverse in the reversal cases is sufficiently greater than that incurred
by a reversal error. This is particularly evident in the samples of
figures 3 through 7 where all Y, polarity reverssl cases were of high
order and difficult to control, while the nonreversal cases were of lower
order and the error response to c(t) was prompt, easily recognized, and
readily controlled. In the ideal case the operator shouldn't make the
reversal error, and it will not be included as an essential feature of the
model. The possibility ought to be considered in an application neverthe-
less, particularly when the odds, penalties, or training favor the likeli-

hood of a sign reversal at the time of Yo transition.

The data of figures 8 through 12 correspond to controlled element

transitions of the form
KC1 Keo

S SZS—G‘;

The posttransition controlled element involves an integration plus a
divergent inverse time constant, —a, and its gain may be of either sign.
The normalized phase plane for time-optimal control of this transition is
given in figure 14 for the polarity reversal case. The retention period
is from time to to tq. The stick movement to start the optimal control
phase occurs at time tj. A reversal to the second bang of the optimel
control phase is required at time to. The state then moves along the zero
trajectory to the origin, the transition response is shut off at time t3,

and the adjustment to posttransition steady-state tracking is made.

System control between times tq1 and t3 is given by the block diagram
of figure 15. The nonlinear computer reverses control at the zero trajec-

tory. It is seen that the trajectories in figure 14 are not symmetrical
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Figure 14. Phase plane trajectory for time-optimal control
of Kep/s(s — a)
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Figure 15. Time-optimal control for unstable controlled element
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about the e/Mch axls because of the negative damping term. The trajectory

from t1 to t2 through the point eo/MKc2 is given (in the polarity reversal
case) by ]
e

MKeo

+ln(1+ =

E 1\ ale - e)
MKcz) MKep

During the initial part of the trajectory after t7, the negative damping
is opposing the applied torque and the system divergence is halted rathér
slowly for a given stick deflection, M. Once the error rate changes sign,
its magnitude builds up rapidly because the applied torque is now aided
by the negative damping. Following the reversal at time tp, the error

converges rather slewly to the origin according to the equation

R &\ ae
T, m(1+MKce) T MK,

The shutoff time, t5, is highly critical, and a slight delay results in a

rapid divergence and consequent error overshoot.

Tdealized stick deflections and consequent error traces corresponding

to the model response of figure 14 are sketched in figure 16. Several

M A
Stick
Deflection
t
-M b
to 4 to t3
€o
System /\
Error
A
¢ t - t
o Y 2 13

Figure 16. Ideal response
for Keq/s —= Kep/s(s—a) transition
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qualitative features that should be evident in any optimal response data
for this type of transition are noted from figures 14 and 16:
e The retention phase should be relatively short when Y
changes sign, due to the rapid buildup of e and &

e The duration (tp — t1) of the first bang should be
relatively long in the case where Y, changes sign,
and short when it does not

e The stick reversal (at tp) should occur shortly
after e changes sign
The data of figures 8 through 11 (summarized in Table II) show
essentially optimal response for this phase. The nature of the error
trace is a good clue to the degree of optimality. In the near-optimal
cases there is only one dominant error peak with little overshoot. In
figures 8, 9, and 11 the reversals are well defined. 1In figure 10 the
second reversal is composed of pulselike steps. That the aggregate effect
is near-optimal despite the pulsing is borne out by the data error trace.
The effect of the pulsing on the phase plane trajectory can be shown as
follows. Consider the idealized pulsing stick deflections of figure 17a
having the corresponding phase plane trajectory sketched in figure 17b.
It appears that the pulses are just "cautious steps" by the operator,
and are good approximations to the single optimal reversal of the model
at time ts.

-e
@
@
c
H®
t -e
| © J
9 > ® @
€)
Actual
Optimal ©
a. Stick deflection b. Phase plane

Figure 17. Effect of pulselike control
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TABLE 11

DATA DESCRIPTION

€;§' Transition StlckriiiiSCtlon Error record
Initial bang at t Near optimal response,
bullds up gradually. as evidenced by lack
N _8 Second reversal is of error overshoot at
8 = well defined. Bang time tz.
s s(s — 0.2) . 3
amplitudes are approx-
imately two-thirds
stick limit.
First bang and rever- | Delsgy of reversal at
sal at to are well to results in small
L +8 defined. Bang ampli- | error overshoot prior
9 s 7 &(s — 0.4) | tudes are approxi- to shutoff.
mately two-thirds
stick limit.
First reversal well Near-optimsl response,
defined. ©Second rever gs evidenced by lack
I -8 sal at tp composed of | of error overshoot at
10 - — pulselike steps; see time tz.
8 s(s = 0.8) | aiscussion and figure.
Bang amplitudes are
approximtely two-
thirds stick 1imit.
Reversals and bangs Delay of reversal at
are well defined. to results in small
11 E — +8 Bang amplitudes are error overshoot prior
s s(s — 1.0) approximately two- to shutoff.
thirds to three-
fourths stick limit.
Reversals and bangs Delay of reversal at
are well defined. Baug| tz results in error
4 +8 amplitudes are about overshoot. Greater
12 i —g(g—:TTjgy three-fourths stick instability of system

limit. Extra stick
reversals are required
due to overshoot.

results in increasing
task difficulty.
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Figure 12 shows nonoptimal response, presumably due to the large value
of a, 1.3. A reasonable upper limit of o is about 1.5 for assurance of
successful control, as shown in reference 13. This is for a skilled
operator over a 4 min. period in a nontransition stationary tracking task
in the presence of the same foreing function used herein. By comparison,
in the stationary case with a =2 the operator frequently loses control
after only 20 to 30 sec of tracking (ref. 14).

The operator appears to be near-optimel more frequently in the
transitions to the unstable second-order controlled element than for the
simpler controlled elements, Ke,, Keo/s, and Kc2/s2. This may be due to
any or all of the following factors:

o Task difficulty. Task is more demmnding than with the

simpler controlled elements, and the operator must be a
better controller to retain control.

e Treining. Operator was more practiced and experienced,
since these transitions were run toward the end of the
experimental progrem after the simpler transitions (ref. 8),

o Certainty. The base case for these transitions was always
Kc17s, and transition to the unstable second-order Yqo with
some nominal a was a certalnty. This could simplify the
detection and identification process.

Evidence from nontransition control tasks exists to suggest that the
operator has a time-optimal capability which can be utilized. In a serles
of experiments reported by Smith (ref. 15) the operator was told to track
a "friction plus mass" controlled element "as fast as possible, or with
the minimum of time delay." 1In 25 percent of these cases the operator
response was that of a nonlinear time-optimel controller. Platzer's datea
(ref. 16) which used a phase plane display in a compensatory tesk show
that the operator can respond time-optimelly when given adequate switching
information. The experiments of Pew (ref. 17) which employed a relay
manipulator in control of K/s2 forced the operator into a bang-bang mode
and resulted in a stable limit cycle in the threshold region near the
origin. More recent results obtained by Young and Meiry (ref. 18) using
a third-order controlled element showed evidence of nonlinear bang-bang

control by the operator.
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Identification of Yoo i1s important in determining the appropriate
time-optimal control law to use during this phase. One method by which
the operator mpy identify the controlled element is to use the basic
property of the change in error due to his step change (or reversal) in
c(t) following retention. These properties are summrized in Table IIT
for various orders of Yo,. Notice that the identification is only a
function of the posttransition controlled element under this hypothesis.
A detailed investigation of detection and identification is reported by

Miller in reference 9.
TABLE ITI

EFFECT OF STICK REVERSAL ON ERROR SIGNAL

Change in error signal

Controlled element, Y : .
+EIENYy Leg due to step stick reversal

Keo Step change in error, e(t)
Kc2/S Step change in error rate, é(t)
ch/s2 Step change in error acceleration, €(t)

Posttransition steady state. At the end of the time-optimel control
phase, the error and its derivatives are reduced to within some threshold

level. The operator then mekes a mode switch to the steady-state quasi-

linear describing function form appropriate to the new controlled element.
That the operator eventuaslly assumes a steady-state adaptation to the new
controlled element is evident in all the data. The error and stick
deflection traces in the data of Section II indicate that this adaptation
happens rather quickly, particularly in the more difficult transitions.
Also, by mode-switching from bang-bang time-optimal control to quasi-
linear control when the error and error rate are reduced to within some
threshold, the problem of limit cycling near the origin which would occur
in the nonlinear model is avoided. This adjustment to the posttransition
steady state with its quasi-linear control is the last phase of the mode-
switching model.
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The Resultant Transition Model

The data of Scction II appear to confirm the time-~optimal control
mode-switching model to the extent that it is a good simplification of
and mean estimator for operator transition response behavior. The three
successive control modes used to explain operator response actions
following a step change in controlled element among the general forms K,
K/s, and K/s° are summrized in Table IV. Operator behavior in the entire
period between pretransition and posttransition steady-state tracking is
defined in terms of either duration, solution to an optimal control

problem, or ¥Ypq and YP2‘

Prediction of transition behavior would proceed in the stepwise manner
outlined in Table IV. The retention phase has a duration based on data
for various controlled elements. The next phase might involve a phase
plane analysis with the selected form of controller. When system error
and error rate are reduced to within some threshold level, a mode-switch
to the quasi-linear describing function for posttransition steady-state
control is made. The optimal response phase for the unstable second-order
controlled element was examined in figures 14 through 16 in connection
with the data interpretation. Similar analyses for K/s and K/s2 post-

transition controlled elements are given below.

In the Kée/s case, the optimal control phase of the model takes the
simple form of figure 18. No nonlinear computer is required in the oper-
ator block —only the relay. The normalized phase plane trajectories for

i B —
M l | K o
| i ¢ i :2 %—.—*
| oPERATOR | | CONTROLLED |
L] L_ ELEMENT |

Figure 18. Time-optimal control for first-order system
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gonstant stick deflection, M, are as shown in figﬁre 19. Following
trapsition the error and error rate move into the first or third quad-
rant of figure 19, depending on Yp1Yc2 (and, in practice, the forcing
function). As the divergence moves to point t1 on the phase plane, the
operator reverses the stick due to the error buildup. The system moves
instantaneously along the line ty —tq in figure 19 at the time of reversal
because Yoo is first-order. Only one bang is required during the optimal
control phase, and the trajectory goes directly into the threshold region.
At point t5 the control mode switches to quasi-linear control appropriate
to the posttransition steady state, and the deflection returns to zero.
Note that eny positive deflection, M, following the reversal is acceptable,
and the key control problem is the shutoff time.

é/Kc2
| | \Reversa/
M - } - t
i
| |
0o | e/ Kc2
| !
t3 ——— t,
M
-——I L—— Linear Regiron

Figure 19. Phase plane trajectories for first-order system

The effect of forcing function can be quite significant in the first-
order case. It mey result in incorrect behavior in the optimal control
phase, because it can make the system state (e and é) appear to be diver-
gent in the first quadrant of figure 19 (for example) when it is actually
convergent in the fourth quadrant. This results in an incorrect reversal
of the stick.
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For the second-order controlled element transition, ch/se, the optimal
control phase block diagram takes the form of figure 20. The nonlinear

— - /1 =
| |
Nonlinear L ¢ | Kep m
Computer i | s2 |
I CONTROLLED|
| T ommwron | (oo

Figure 20. Time-optimal control for second-order system

computer reverses the control at the zero trajectory or switching line.

The switching lines for the Yep = ch/ 82 case and zero forcing function

é = —VEMKc2|eI sgn e

The normelized phase plane portrait and switching lines for this second-

are given by

order system are given by the parsbolic trajectories in figure 21.

+M
\\ \
-M ~
N
Linear Region J
Yo e/MKco

Zero trajectory

Figure 21. Phase plane trajectories for simple seaeond-order system
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During the retention phase immedistely following the transition to
Kce/sa, the operator attempts to reduce the error with his pretransition
adaptation. The error and error rate increase into either the first or
third quadrant of the phase plane, depending on Yp,Y., and (to a small
extent) the forcing function. The reversal at t; on the phase plane of
figure 21 leads to the first bang of the optimal control phase. It
results in a trajectory which 1s stable until the switching line or zero
trajectory is reached. The next step is to reduce the error and error
rate to zero in an optimal way. This requires a second reversal at to
when the zero trajectory is reached. The model mode-switches to quasi-
linear control at t3 when the error snd error rate are reduced to within
& threshold region near the origin. In some date (e.g., fig. 7) the
operator appears to overshoot the zero trajectory. This may put him in
the region of the origin, but requires an additionsl reversal and a short
duration bang to remain within the error threshold. In figure 5, on the
other hand, his response appears to be near optimum with negligible

overshoot.

The derived model has the distinct advantage for predictive purposes
that one can apply time-optimal control theory to manual control problems.
It appears to be a reasonably close approximation to all the limited data
avallable and is the only model which will provide an accurate description
of those data which are indeed time-optimal. Suboptimal interpretations
and models for the optimal control phase are possible alternstives, but
to validate their use requires (1) demonstration that the operator response
is not time-optimal, and (2) sufficient experimental evidence to permit a
choice between competing suboptimel forms.

Iimitations of the Transition Model

The duration of the retention phase is not given by a set of logical
rules in the model. It depends on the operator transition detection
criterion. Retention durations for a variety of controlled elements and
differential controlled elements are known experimentally, however, and
typlcal results are shown in Table IV.
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The smplitude of the bangs is not given by the model. Some maximum
deflection will be used with a free-moving manipulator, while a maximum

force level will be used with an isometric device.

The effect of forcing function may be important. The model 1s derived
from response data for a low frequency random input. Higher frequency
inputs could modify the results; however, they are unlikely to be
encountered in 8 closed-loop vehicle analysis. The forcing function may
lead to analytical difficulties in the optimal control phase in predictive
applications of the model. Inclusion of the input effect in a phase plane
anglysis is laborious and inexact, and analog or digital computation mey

simplify this aspect of response prediction.

As proposed, the model will explain or predict operator response
during transitions among controlled elements of the forms X, K/s, K/se,
and K/s(s — o). Additional date are required to sustain its more general

applicability to other controlled elements.

Experimental results obtained by Sadoff (ref. 3) in a moving-cab
simulator with a center-stick menipulator do not agree with extant fixed-
base data, or with moving-cab data with & side stick. Consequently,
derived models based on these data are apparently not applicable to con-
trolled element transitions in moving cabs with center stick. This may
limit the applicability of the derived model to the in-flight transition

problems which are of prime interest.




IV. CONCLUSIONS AND RECOMMENDATIONS

A mode~switching model of the human operator during controlled element
transitions has been derived on the basis of extant data. Three successive
control modes are used to explain operator response following transitions
among the forms X, K/s, K/s2, and K/s(s — a). Operator behavior in the
entire period between pretransition and posttransition steady-state track-
ing 1s defined in terms of either duration, solution to an optimel control
problem, or YP1 and YP2'

Oonolusicus

Operator response and adaptation to step changes in the controlled
element occur quickly, and in most cases gre completed within a few
seconds. This is true even for transitions involving only a small reduc-
tion in the controlled element gain, which are not consciously detected by
the operator until long after his adaptation is completed. The only known
exceptions are the results obtained in the moving-cab with center-stick
menipulator.

The mode-switching models are the most appropriate with which to
characterize operator transition response. Models which vary continuously
with time, for example learning servos, do not appear to be velid. This
is particularly evident in the light of Sadoff's error dats which show
that the control technique changes do occur suddenly.

There are sufficient data which demonstrate nearly time-optimal control
characteristics to say that this form of control is a valid intermediate
phase in the transition model. Conversely, it is the only form of model
which will explain those response data which are indeed time-optimal.

The model describes the transition data in the simplest way, and in
a minimum number of steps. It ties in directly with the known pretransi-
tion and posttransition steady-state characteristics of the operator.
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Recommendatione

Additional experimental work is needed to validate the proposed
transition model, and the nature of transition response should be measured
in detail for a more complete set of transition situations. In addition,
the effect of the following experimental varisbles should be examined:

Foreing function. The effect of forcing function bandwidth should be
determined, from both the standpoint of operator response and the effect
on analytic predictions with the model.

Task order. The effect of sequence of transition and number of
alternatives should be studied more fully, as well as the effect of the
difference between the pretransition and posttransition controlled elements.

A rational basis for the prediction of reversal errors should be estgblished.

Motion cues. The effect of motion cues on trensition response should
be examined in more detail, in order to determine why the experimental
results in the moving-cab case differ from those for the larger body of
fixed-base data.

Display. The results of reference 16 suggest that the use of a phase
plane display (& versus e) by a trained operator yields a substantial
improvement in performance over the one-dimensional compensatory display.

A similar improvement may occur during transitions.

TIraining. The data show both optimal and suboptimel behavior modes
during transition, suggesting that any one of several alternative con-
troller forms might result from the learning process. Perhaps an operator
who evidences suboptimal response can be instructed in the best way to

obtain more optimal transition response and hence better performence.
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